The best-known function of the serine protease tissue-type plasminogen activator (tPA) is as a thrombolytic enzyme. However, it is also found in structures of the brain that are highly vulnerable to hypoxia-induced cell death, where its association with neuronal survival is poorly understood. Here, we have demonstrated that hippocampal areas of the mouse brain lacking tPA activity are more vulnerable to neuronal death following an ischemic insult. We found that sublethal hypoxia, which elicits tolerance to subsequent lethal hypoxic/ischemic injury in a natural process known as ischemic preconditioning (IPC), induced a rapid release of neuronal tPA. Treatment of hippocampal neurons with tPA induced tolerance against a lethal hypoxic insult applied either immediately following insult (early IPC) or 24 hours later (delayed IPC). tPA-induced early IPC was independent of the proteolytic activity of tPA and required the engagement of a member of the LDL receptor family. In contrast, tPA-induced delayed IPC required the proteolytic activity of tPA and was mediated by plasmin, the NMDA receptor, and PKB phosphorylation. We also found that IPC in vivo increased tPA activity in the cornu ammonis area 1 (CA1) layer and Akt phosphorylation in the hippocampus, as well as ischemic tolerance in wild-type but not tPA-or plasminogen-deficient mice. These data show that tPA can act as an endogenous neuroprotectant in the murine hippocampus.
Introduction
Tissue-type plasminogen activator (tPA) is a serine proteinase found in the intravascular space and the CNS. In the intravascular space tPA's substrate is plasminogen (1) , and its main function is as a thrombolytic enzyme. In the brain tPA is found in the endothelial cell-basement membrane-astrocyte interface, where it modulates cerebrovascular tone (2) and the permeability of the blood-brain barrier (3, 4) . tPA is also found in neurons, where it has been linked to events associated not only with synaptic plasticity (5) (6) (7) (8) but also with cell death (9, 10) . Accordingly, whereas several studies indicate that tPA mediates excitotoxin-induced cell death (9) and that excess of tPA leads to increased brain injury (10) , others have suggested that tPA is neuroprotective (9) .
The hippocampus is a brain structure critical for learning, memory, and the development of navigational strategies crucial for survival (11) . Anatomically, it can be divided into 4 subregions: cornu ammonis areas 1 (CA1), 2 (CA2), and 3 (CA3) and dentate gyrus (DG). The hippocampus is especially vulnerable to damage caused by a number of injuries including hypoxia/ischemia. Indeed, periods of hypoxia that are not fatal to other brain structures may nonetheless result in significant damage to the hippocampus. However, not all hippocampal areas exhibit the same degree of susceptibility to the ischemic injury, with the CA3 area showing greater resistance to ischemic damage compared with area CA1 (12) . Accordingly, a brief period of global brain ischemia causes cell death in hippocampal CA1 pyramidal neurons 48-72 hours after reperfusion, with neuronal preservation in other hippocampal layers. This phenomenon, commonly defined as delayed neuronal death, is also observed in humans after episodes of global hypoperfusion such as following cardiac arrest or systemic hypotension. The hippocam-pus is also one of the areas with the highest levels of tPA activity in the CNS (13) . Interestingly, in contrast to the CA2 and CA3 areas, the CA1 layer is devoid of tPA activity (14) , suggesting a correlation between the absence of tPA activity and the increased susceptibility to hypoxic/ischemic injury of this hippocampal area.
Preconditioning is a phenomenon whereby exposure to sublethal alterations in the environment results in acquisition of tolerance to otherwise lethal environmental changes. Kitagawa et al. found that induction of sublethal transient global cerebral ischemia (ischemic preconditioning [IPC] ) protects neurons in the CA1 hippocampal layer from the deleterious effects of a lethal ischemic insult 24 hours later (15) . The induction of this phenomenon, called "ischemic tolerance," is accompanied not by variations in regional tissue perfusion (16) , but instead by changes at the cellular level, such as NMDA receptor (NMDAR) activation (17) and Akt phosphorylation (18) . Importantly, a growing body of evidence indicates not only the existence of an interaction between tPA and the NMDAR (19) (20) (21) (22) , but also the induction of Akt phosphorylation by treatment with tPA (18) .
In the in vitro and in vivo studies presented here, we demonstrate that tPA deficiency results in increased hippocampal neuronal death following a lethal ischemic injury. Exposure to sublethal hypoxia/ischemia induces a rapid release of tPA from hippocampal neurons in vitro and in vivo, and this event is the first step of a neuroprotective response that leads to neuronal survival. Accordingly, treatment of hippocampal neurons with tPA confers protection against a simultaneous lethal hypoxic insult (early IPC). This protective effect is independent of plasminogen/ plasmin and instead requires the engagement of a member of the LDL receptor family. Additionally, treatment with tPA also induces tolerance against a lethal insult applied 24 hours later (delayed IPC). This delayed protective effect of tPA requires tPA's proteolytic activity and is mediated by plasmin via NMDAR-dependent Akt phosphorylation. Moreover, our results indicate that endogenous tPA and plasmin mediate the protective effect of delayed precon-ditioning induced by exposure to sublethal hypoxia. Together, our data demonstrate that tPA is an endogenous neuroprotectant in the mouse hippocampus.
Results
Relationship between tPA activity and hippocampal neuronal death. To study the distribution of tPA activity in the normal hippocampus, we performed an in situ zymography assay in hippocampal sections of nonischemic WT mice (n = 4). We found that tPA activity was circumscribed to the CA2 and CA3 fields as well as to the DG. In contrast, we did not detect tPA activity in the CA1 layer ( Figure 1B) . To investigate the effect of hippocampal ischemia on tPA activity, we performed an in situ zymography assay in WT mice following 20 minutes of bilateral common carotid artery occlusion (BCCAO; n = 4). We detected tPA's caseinolytic activity in the hippocampal CA2, CA3, and DG fields but failed to observe tPA activity in the CA1 layer ( Figure 1F ). To correlate our findings with hippocampal neuronal death, we performed cresyl violet staining in a subgroup of WT mice 72 hours after 20 minutes of BCCAO (n = 6). We observed that the ischemic insult induced extensive neuronal death in the CA1 layer, with neuronal preservation in the CA2 and CA3 fields (Figure 1 , E, G, and H). Then we performed similar experiments in tPA -/mice (n = 6). We found that in contrast to WT mice, in which cell death was limited to the hippocampal CA1 layer, in tPA -/mice there was widespread neuronal death involving not only the CA1 layer, but also the CA2 and CA3 fields (Figure 1 , I, K,
Figure 1
Relationship between tPA activity and hippocampal cell death. (A-L) Representative pictures of cresyl violet staining and in situ zymography assays of the dorsal hippocampus of WT mice under normoxic conditions (A-D) or of WT and tPA-deficient (tPA -/-) mice 72 hours after 20 minutes of BCCAO (E-L). Note the presence of cell death in areas devoid of tPA activity in WT (CA1 layer, G) and tPA -/mice (CA1-CA2 and CA3 layers; I, K, and L). Original magnification, ×4 (A, B, E, F, I, and J) and ×20 (C, D, G, H, K, and L). (M-X) Representative pictures of DAPI, Fluoro-Jade, and TUNEL staining in the CA1 layer of WT mice under normoxic conditions (M-P) or of WT and tPA -/mice 5 days after 20 minutes of BCCAO (Q-X). Note the presence of widespread necrotic changes, neurodegeneration, and apoptotic cell death in both WT (Q-T) and tPA -/mice (U-X). Blue is DAPI, and green is Fluoro-Jade (N, R, and V) or TUNEL (P, T, and X). Original magnification, ×40 (M-X). and L). Because delayed neuronal death may occur as late as 5 days after BCCAO (15) , and to better understand the mechanisms of cell death involved in this process, we performed DAPI, Fluoro-Jade, and TUNEL staining in the hippocampus of WT and tPA -/mice 5 days after 20 minutes of BCCAO (n = 6). Our DAPI staining indicated the presence of widespread necrotic changes in both WT and tPA -/mice that corresponded to areas of neurodegeneration ( Figure 1 , Q, R, U, and V). We also detected extensive zones of apoptotic cell death in both strains of mice ( Figure 1 , T and X).
Effect of hypoxia on neuronal cell death. The effect of hypoxia on neuronal death varies not only with the severity but also with the duration of the hypoxic insult. Indeed, there is a sublethal period of time during which exposure to hypoxia/ischemia does not induce cell death but instead may activate neuroprotective mechanisms (17) . To characterize this effect, hippocampal and cortical neurons were exposed to 0-60 minutes of oxygen-glucose deprivation (OGD) conditions, followed by determination of cell death/survival by 3 different methods: a fluorescence assay that differentially detects dead and live cells; the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which detects cell survival; and Trypan blue staining, which differentiates viable from nonviable cells. Our results indicate that exposure to 0-30 minutes of OGD does not cause significant cell death or changes in neuronal survival. In contrast, exposure to 60 minutes of OGD increased cell death in hippocampal neurons to 75% ± 8% (by the fluorescence assay) and 65% ± 11% (by the Trypan blue method), with a reduction in neuronal survival to 57% ± 7.9% (by MTT assay). Likewise, cortical neuronal death increased at 60 minutes to 70% ± 9% and 65% ± 8% (fluorescence assay and Trypan blue methods, respectively), with a reduction in neuronal survival to 49.3% ± 1.5% (MTT assay; Figure 2 ).
Effect of hypoxia on the release of neuronal tPA. To investigate the effect of OGD conditions on the release of neuronal tPA, hippocampal and cortical neurons were exposed to OGD conditions for 0-60 minutes, followed by quantification of the release of tPA into the media with an ELISA. We found that OGD conditions induced a rapid release of tPA from both hippocampal and cortical neurons the first minute after the onset of the hypoxic insult ( Figure 3 , A and D).
Effect of tPA on neuronal survival. To study the effect of tPA on neuronal survival, hippocampal and cortical neurons were incubated under normoxic conditions with progressive concentrations of tPA (0-1 μM), followed by determination of cell survival 24 hours later with the MTT assay. We found that incubation with tPA did not induce cell death in hippocampal neurons ( Figure 3B ). In contrast, 100 nM, 500 nM, and 1 μM tPA decreased cortical neuronal survival to 91% ± 0.1%, 92% ± 0.13%, and 96% ± 0.1%, respectively ( Figure 3E ). To investigate whether endogenous tPA, released from neurons in response to OGD exposure, has an effect on cell survival, WT and tPA -/hippocampal and cortical neurons were exposed to OGD conditions for 55 minutes, followed 24 hours later by determination of cell survival (n = 10). A subset of cells was incubated with recombinant tPA simultaneously with the hypoxic insult ( Figure 3 , C and F). Our results indicate that 55 minutes of OGD decreased neuronal survival in WT and tPA -/hippocampal neurons to 55.7% ± 2.9% and 53.3% ± 5.8%, respectively. Surprisingly,
Figure 2
Time-dependent effect of hypoxia on neuronal death. Hippocampal (A-C) and cortical neurons (D-F) were exposed to OGD conditions during 0, 15, 30, and 60 minutes, followed by quantification of cell death we found that incubation with tPA increased cell survival in WT and tPA -/hippocampal neurons to 81.4% ± 1.2% and 78.65% ± 3%, respectively ( Figure 3C ). We also found that OGD decreased cell survival in WT cortical neurons to 48.44% ± 2.8%. However, in contrast to hippocampal neurons, this effect was attenuated in tPA -/cortical neurons (65% ± 2.8%). Also in contrast to our observations in hippocampal neurons, incubation with tPA decreased neuronal cortical survival in both WT and tPA -/cultures to 41.59% ± 1.88% and 40.9% ± 2.7%, respectively ( Figure 3F ).
Neuroprotective effect of tPA on early preconditioning. There are two types of IPC: early and delayed (15) . In early preconditioning, treatment with the protective agent simultaneously or very close to the exposure to the lethal insult promotes cell survival. In contrast, in delayed preconditioning, the development of tolerance is induced by treatment with the protective agent 24 hours before exposure to the lethal injury. Our results indicate that although endogenous tPA does not have an effect on early preconditioning, treatment with recombinant tPA during OGD increases hippocampal neuronal survival ( Figure 3C ). To study the effect of recombinant tPA on early preconditioning, we determined cell survival in WT hippocampal neurons incubated with 0-1 μM tPA followed by exposure to OGD conditions for 55 minutes. We found that whereas 60 nM and 100 nM tPA did not have an effect on cell survival, incubation with 500 nM and 1 μM tPA increased neuronal survival from 55.71% ± 1.9% (in cells not incubated with tPA) to 73.6% ± 6.4% and 81.4% ± 0.9%, respectively ( Figure 4A ). To study whether the proteolytic action of tPA is needed for this protective effect, we performed similar experiments with proteolytically inactive tPA (itPA). We found that incubation with itPA also increased hippocampal neuronal survival, to 86.02% ± 1.55% ( Figure 4A ). To further study this effect, a subgroup of neurons was incubated with a combination of tPA and α 2 -antiplasmin (140 nM) or with plasmin alone (100 nM). We found not only that α 2 -antiplasmin did not abrogate the protective effect of tPA, but also that incubation with plasmin alone failed to induce neuronal survival ( Figure 4B ). Because a growing body of evidence has demonstrated that in the brain some effects of tPA are not mediated by plasminogen/plasmin but instead by the LDL receptor-related protein-1 (LRP1; refs. 3, 4, 23, 24), we performed similar experiments in hippocampal neurons incubated with either tPA alone or with a combination of tPA and the receptor-associated protein (RAP, 100 nM), a universal inhibitor of members of the LDL receptor family. Our results indicate that cotreatment with RAP abrogates the protective effect of tPA on early preconditioning ( Figure 4B ). Effect of NMDAR antagonism on tPA-induced early preconditioning. It has been demonstrated that NMDAR activation mediates the protective effect of delayed preconditioning (17) . Likewise, a growing body of evidence indicates the existence of an interaction between tPA and the NMDAR (20, 22, 25) . Then we investigated whether the NMDAR mediates the early neuroprotective effect of tPA. As shown in Figure 4C , cotreatment with 2 different NMDAR antagonists (10 μM MK-801 or 50 μM DL-AP5) did not inhibit the protective effect of tPA ( Figure 4C ). These findings indicate that the protective effect of tPA in early preconditioning is not associated with attenuation of the excitotoxic injury induced by the hypoxic insult. To further test this hypothesis, we studied neuronal survival in WT hippocampal neurons incubated with kainic acid (KA, 250 μM) either alone or in combination with 1 μM tPA. Our results indicate that incubation with KA alone decreases neuronal survival to 64.1% ± 1.1% and that this effect is not attenuated by cotreatment with tPA (66.04% ± 4.4%; Figure 4D ), indicating that the protective effect of tPA in early preconditioning is not mediated by attenuation of the excitotoxic injury.
Figure 3
Effect of tPA on delayed preconditioning. We then investigated whether tPA was also protective in a model of delayed preconditioning. WT hippocampal neurons were incubated with 0-1 μM tPA followed 24 hours later by exposure to 55 minutes of OGD conditions and determination of neuronal survival. We found that incubation with 60 nM tPA increased neuronal survival from 62% ± 2.88% to 88.28% ± 2.72% and that this effect required tPA's proteolytic activity ( Figure 5A ). Then we decided to investigate whether this delayed protective effect of tPA is mediated by the plasminogen/plasmin system. WT hippocampal neurons were incubated with 60 nM tPA alone; with a combination of tPA and 140 nM α 2 -antiplasmin, 1.4 μM aprotinin, 20 mM ε-aminocaproic acid (EACA), or 100 nM RAP; with plasmin alone (100 nM); or with plasminogen alone (200 nM), 24 hours before exposure to lethal OGD conditions. As shown in Figure 5B , the protective effect of tPA was inhibited by coincubation with α 2 -antiplasmin, aprotinin, or EACA, and consistent with this finding, incubation with plasmin alone increased neuronal survival to 86.44% ± 1.64%, an effect comparable to that observed following incubation with tPA alone (87.94% ± 1.39%; Figure 5B ). Importantly, treatment with plasminogen alone did not have a protective effect (60.03% ± 1.58%). To study whether the LDL receptor plays a role on tPA-induced delayed preconditioning, we performed similar experiments following incubation with either tPA alone or in combination with RAP. In contrast to tPA-induced early preconditioning, we found that whereas treatment with tPA alone increased neuronal survival from 57.3% ± 1.7% to 82.93% ± 1.3%, cotreatment with a combination of tPA and RAP further increased this protective effect to 93.8% ± 2.6% ( Figure 5B ). Treatment with α 2 -antiplas- min alone, aprotinin alone, EACA alone (data not shown), or RAP alone did not have an effect on delayed preconditioning.
Effect of NMDAR antagonism on tPA-induced delayed preconditioning. Then we investigated whether the NMDAR mediates the neuroprotective effect of tPA in the same model of delayed preconditioning. As shown in Figure 5C , in contrast to our observation in the model of early preconditioning, cotreatment with either MK-801 or DL-AP5 completely blocked the protective effect of tPA (58.49% ± 1.59% and 59.12% ± 1.99% cell survival, respectively; Figure 5C ). Importantly, incubation with neither of these NMDAR antagonists alone induced delayed preconditioning. It has been reported that the NR2A subunit of the NMDAR mediates the pro-tective effect of IPC in the hippocampus (26, 27) . Likewise, in earlier studies we found that plasmin cleaves the NR2A subunit of the NMDAR in hippocampal neurons, relieving the inhibition of this receptor by zinc (28) . Thus, we decided to study the effect of tPA on the cleavage of the NR2A subunit in hippocampal neurons left untreated or incubated with either 60 nM tPA or 100 nM plasmin.
Our results indicate that incubation with either tPA or plasmin decreases the expression of the NR2A subunit in cell lysates, with the detection of approximately 80 kDa cleavage product in the culture medium ( Figure 5D ). Together, our observations indicate that the delayed protective effect of tPA is mediated by attenuation of the excitotoxic injury. To test this hypothesis, we studied neuronal survival in WT hippocampal neurons treated with 60 nM tPA followed 24 hours later by incubation with 250 μM KA. In contrast to our observations in early preconditioning, we found that incubation with tPA 24 hours before the excitotoxic injury with KA increased neuronal survival from 64.1% ± 1.3% to 87.6% ± 2.5% ( Figure 5E ).
Akt phosphorylation mediates tPA-induced delayed IPC. Because a large body of evidence indicates that during cerebral ischemia Akt phosphorylation induces neuronal survival (18) , we decided to investigate whether Akt mediates the protective effect of tPA. First, we performed a Western blot analysis for Akt phosphorylated at serine 473 (pAkt) in cell lysates of hippocampal neurons untreated or incubated under normoxic conditions for 60 minutes with 60 nM active tPA, 60 nM itPA, or a combination of active tPA and 10 μM MK-801. As shown in Figure 6A , incubation with proteolytically active tPA induced a rapid increase in pAkt expression. In contrast, this effect was abrogated by cotreatment with the NMDAR antagonist MK-801 and was not observed following treatment with itPA. Then we studied whether this rapid phosphorylation of Akt mediates the effect of tPA on early IPC. WT hippocampal neurons were incubated with tPA alone, tPA in combination with 20 nM wortmannin, or wortmannin alone and exposed to lethal OGD conditions (55 minutes). Our results indicate that wortmannin did not abrogate the immediate protective effect of incubation with tPA ( Figure 6B ), indicating that Akt phosphorylation does not mediate the effect of tPA on early preconditioning. Then we decided to study whether phosphorylation of Akt mediates the protective effect of tPA on a model of delayed preconditioning. WT hippocampal neurons were incubated with tPA alone, plasmin alone, or wortmannin alone or with a combination of tPA and wortmannin or plasmin and wortmannin, followed 24 hours later by exposure to OGD conditions for 55 minutes. We found that in contrast to immediate preconditioning, cotreatment with wortmannin significantly attenuated the delayed protective effect of tPA on cell survival, from 86.1% ± 6.5% in neurons incubated with tPA alone to 60.5% ± 5.5% in cells treated with a combination of tPA and wortmannin. Additionally, incubation with plasmin alone increased cell survival to 86% ± 8% and this effect was abrogated by cotreatment with wortmannin (Figure 6C) . Importantly, incubation with wortmannin alone did not have an effect on delayed preconditioning.
Effect of endogenous tPA on delayed hypoxic preconditioning. Because our results indicate that low concentrations of recombinant tPA (60 nM) induce delayed tolerance, we hypothesized that endogenous tPA, released in response to the hypoxic insult, also may induce delayed IPC. To test this hypothesis, we used a previously validated model of hypoxic preconditioning where exposure to sublethal hypoxia (30 minutes OGD) confers protection against the deleterious effects of lethal hypoxia (55 minutes OGD) 24 hours later (17) . WT and tPA -/neurons were exposed to sublethal OGD conditions (preconditioning event), followed 24 hours later by exposure to lethal OGD conditions (55 minutes) and determination of cell survival. A subgroup of cells was incubated under OGD conditions for 55 minutes without previous preconditioning. As shown in Figure 7A , survival of WT hippocampal neurons after 55 minutes of OGD increased from 58.10% ± 2.3% in non-preconditioned cells to 80% ± 0.9% in preconditioned neurons. In contrast, survival of tPA -/neurons after 55 minutes of incubation under OGD conditions remained unchanged despite hypoxic preconditioning (60.3% ± 1.2% and 60.77% ± 2.3%, respectively). To see whether this protective effect of endogenous tPA was mediated by plasminogen/plasmin, WT neurons were preconditioned with 30 minutes of OGD either alone or in the presence of 140 nM α 2 -antiplasmin, 1.4 μM aprotinin, or 20 mM EACA, followed 24 hours later by exposure to lethal OGD conditions. Our results indicate that incubation with either one of these plasminogen/plasmin inhibitors completely abolished the effect of IPC ( Figure 7B ). Then we performed similar observations in WT neurons incubated with MK-801 or wort- mannin during the preconditioning phase. We found that antagonism of the NMDAR or inhibition of Akt phosphorylation completely abrogated the protective effect of the preconditioning event ( Figure 7B ). Importantly, we observed that incubation with 100 nM RAP during the preconditioning phase increased the protective effect of IPC from 56.19% ± 3.03% in non-preconditioned cells, to 82.85% ± 2.045% in WT cells preconditioned with sublethal ischemia without RAP and to 92.77% ± 1.41% in cells preconditioned with a sublethal hypoxic injury in the presence of RAP. To further characterize our observations, we performed similar experiments with tPA -/hippocampal neurons. A subgroup of neurons was incubated during the preconditioning phase with tPA 60 nM, or with a combination of tPA and MK-801, tPA and wortmannin, or tPA and RAP. We found that IPC failed to induce tolerance in tPA -/neurons (57.27% ± 2.92% and 56.01% ± 2.85% neuronal survival without and with preconditioning, respectively) indicating that endogenous tPA is needed for the induction of ischemic tolerance ( Figure 7C) . In contrast, we found that incubation of tPA -/neurons with tPA during the preconditioning phase increased neuronal survival to 84.3% ± 2.99%, confirming that the lack of preconditioning observed in tPA -/neurons was indeed due to tPA deficiency. However, this rescue effect of tPA was abrogated by coincubation with either MK-801 (56.81% ± 2.08% neuronal survival) or wortmannin (57.62% ± 1.97%; Figure 7C ). Importantly, coincubation with RAP potentiated the rescue effect of tPA (92.52% ± 1.3%).
Effect of endogenous tPA on IPC in vivo.
Then we investigated in vivo the effect of endogenous tPA in an animal model of IPC. First, we performed an in situ zymography assay in brain sections from WT and tPA -/mice (n = 4) immediately after 3 episodes of sublethal BCCAO, performed as described in Methods ( Figure 8A ). We found that this form of preconditioning not only induced an increase in tPA activity in the hippocampal CA1 layer ( Figure 8B ) but also failed to produce cell death in the same hippocampal field 72 hours later ( Figure 8D ). We did not observe an increase in caseinolytic activity in the CA1 layer of tPA -/mice, indicating that the proteolytic activity observed in the CA 1 layer of WT mice was due to tPA ( Figure 8C ). Likewise, as in WT mice, this paradigm of preconditioning did not induce cell death in tPA -/animals ( Figure 8E ). To study the effect of IPC on plasminogen expression in the CA1 layer, WT and Plg -/mice underwent 3 episodes of sub-lethal BCCAO, followed by immunohistochemical detection of plasminogen. Our results demonstrate that IPC increased the expression of plasminogen in the CA1 hippocampal layer (Figure 8, F and G) . Importantly, we did not detect immunoreactivity in Plg -/mice (data not shown). Then we used this model to investigate whether the increase in tPA activity in the CA1 layer induced by IPC has a protective effect against a subsequent lethal ischemic injury in the same hippocampal field. WT, tPA -/-, and Plg -/mice (n = 6) underwent IPC as described in Figure 8A , followed 30 minutes later by 20 minutes of BCCAO and analysis of hippocampal cell death 72 hours later. We found that early IPC failed to induce tolerance against 20 minutes of BCCAO (data not shown). Then we decided to perform similar experiments in a model of delayed IPC. WT, tPA -/-, and Plg -/mice (n = 6) underwent IPC as described in Figure 8A , followed 24 hours later by 20 minutes of BCCAO. A subgroup of mice underwent 20 minutes of BCCAO without preconditioning. Seventy-two hours later, brains were harvested, and hippocampal cell death was studied in cresyl violet-stained sections as described in Methods. As shown in Figure 9 , A, C, and E, 20 minutes of BCCAO induced extensive cell death in the hippocampal CA1 field of WT, tPA -/-, and Plg -/mice, and as previously described by others (15) , IPC induced tolerance to the lethal ischemic insult in the CA1 layer of WT mice ( Figure 9B) . In contrast, the protective effect of IPC was abrogated in tPA -/and Plg -/mice ( Figure 9 , D and F). Accordingly, IPC decreased the mean score of hippocampal damage in WT mice from 3.5 ± 0.75 to 1.55 ± 0.527 but did not have any effect in either tPA -/-(3.8 ± 0.34 without IPC and 3.7 ± 0.36 with IPC) or Plg -/mice. (3.90 ± 0.30 without IPC and 3.72 ± 0.44 with IPC; Figure 9G ) Because our in vitro experiments demonstrated that the protective effect of tPA was mediated by Akt phosphorylation, we then performed Western blot analysis for pAkt in hippocampal extracts from WT, tPA -/-, and Plg -/mice 0, 1, 6, and 24 hours after IPC. Our results indicate that IPC induces an increase in pAkt expression in WT but not in tPA -/or Plg -/mice ( Figure 9H ). Together with our observations in neuronal cultures, these data suggest that the protective effect of tPA is mediated by an Akt-induced gene.
Discussion
The work presented here indicates an association between lack of tPA activity and increased susceptibility to cell death in the CA1 layer. This hippocampal field is devoid of tPA activity under nonischemic conditions but has a high expression of tPA mRNA (14) . Indeed, tPA activity increases in CA1 hippocampal neurons following certain types of stimuli such as exposure to sublethal doses of KA (14) . Our findings indicate that sublethal ischemia also increases tPA activity in the CA1 layer and that this effect is associated with neuronal survival. Together, these observations conflict with a proposed neurotoxic effect of tPA in the hippocampus.
A link between tPA and neurotoxicity has been controversial. Whereas some studies have demonstrated that tPA mediates neuronal death following a number of insults including the injection of KA into the hippocampus (9), alcohol withdrawal (29) , stress (21) , and focal cerebral ischemia (30) , others have suggested that tPA is neuroprotective (31, 32) . This apparent discrepancy of results may be explained not only by the differences intrinsic to the various experimental models, but also by the cell type studied in each case. Accordingly, we found that whereas tPA has a protective effect in hippocampal neurons, low concentrations of tPA are neurotoxic to cortical neurons. Likewise, whereas genetic deficiency of tPA does not have an effect on hypoxia-induced cell death in hippocampal neurons, tPA -/cortical neurons exhibit higher resistance to the hypoxic injury. Since its original description, it has been found that ischemic tolerance may be induced not only by sublethal ischemia but also by other types of events such as cortical spreading depression (33) , brief episodes of seizures (34) , and low doses of endotoxin (35) . Importantly, these stimuli also increase tPA activity (7, 36) , suggesting that induction of tPA activity is a basic endogenous neuroprotective response in the hippocampus.
Our results indicate that although endogenous tPA does not have an effect in early preconditioning, high concentrations of recombinant tPA induce early ischemic tolerance, and this effect is independent of tPA's proteolytic activity and requires the engagement of a member of the LDL receptor family. Nevertheless, we do not know whether such high concentrations of tPA can be reached in vivo in the synaptic space. The abrogation of the protective effect of tPA by RAP in early preconditioning suggests that the development of tPA-induced early tolerance is mediated by the interaction between tPA and a member of the LDL receptor family. Our findings that NMDAR antagonism fails to abrogate the early protective effect of tPA and that incubation with tPA at concentrations known to protect cells from a lethal hypoxic injury does not prevent KA-induced cell death indicate that the mechanism whereby tPA induces early tolerance is independent of the excitotoxic pathway.
In contrast, we found that low concentrations of tPA have a robust delayed preconditioning effect that requires tPA's proteolytic activity and plasminogen as its substrate. This agrees with recent reports indicating that plasminogen bound to cortical neurons is activated by tPA and that plasmin has a beneficial effect on neuronal survival (37) . We found that in contrast to tPA-induced early preconditioning, the effect of tPA on delayed preconditioning is inhibited by NMDAR antagonists, and that tPA induces delayed tolerance against KA-induced neuronal death, indicating that tPAinduced delayed preconditioning is mediated by attenuation of the excitotoxic injury. Whereas our results conflict with previous observations by others showing that genetic deficiency of tPA pro- tects hippocampal neurons from the intracerebral injection of KA (9), they agree with other reports that indicate a protective effect of tPA against KA-induced neuronal death (31, 38) . However, as our results also demonstrate, the effect of tPA on KA-induced cell death is highly dependent on the characteristics of the experimental paradigm. The observation that RAP potentiates the protective effect of tPA on delayed preconditioning suggests that blockade of the LDL receptor inhibits the uptake of tPA by a member of the LDL receptor family, increasing tPA's availability in the synaptic space to interact with plasminogen and the NMDAR.
In vivo experiments have shown that NR2A-containing NMDA receptors mediate the effect of IPC in the hippocampus (26, 27) .
Here we demonstrate that tPA and plasmin cleave the NR2A subunit of the NMDA receptor in hippocampal neurons and that both plasmin and NMDAR activation are needed for tPA's delayed protective effect. Based on these observations, we postulate a model whereby tPA released from hippocampal neurons in response to IPC catalyzes the conversion of plasminogen into plasmin, with plasmin-induced cleavage of the NR2A subunit and NMDAR activation. Unfortunately, the lack of selective inhibitors of the NR2A subunit (39, 40) does not allow us to characterize the involvement of this subunit in more detail.
A role for endogenous tPA in the development of ischemic tolerance is supported by our observation that tPA -/neurons fail to develop tolerance in response to a sublethal hypoxic insult and that this lack of effect is reversed by incubation with recombinant tPA. Additionally, inhibition of plasminogen/plasmin blocked the effect of hypoxic preconditioning in WT neurons. The importance of endogenous tPA for the induction of delayed ischemic tolerance is further confirmed by our observations in the vivo model of IPC indicating that compared with WT mice, sublethal BCCAO fails to induce tolerance in tPA -/and Plg -/mice.
Activation of Akt occurs through its phosphorylation (pAkt), which is dependent upon the signaling pathways of PI3K. The expression of pAkt increases dramatically in neurons during cellular stress or injury, where it has been associated with activation of antiapoptotic pathways (41, 42) . Several lines of evidence indicate that pAkt plays a pivotal role in hypoxic/ischemic preconditioning (43) . Our data show that tPA induces a rapid phosphorylation of Akt in neurons and that this effect requires tPA's proteolytic activity and engagement of the NMDAR. Importantly, treatment with wortmannin not only abrogated the effect of tPA on delayed preconditioning, but also inhibited the development of delayed hypoxic tolerance, suggesting that the expression of Akt-regulated genes is required for the delayed protective effect of tPA. The importance of tPA and Akt in the development of ischemic tolerance is further supported by our in vivo observation that IPC induces a rapid increase in hippocampal pAkt expression and that this effect is attenuated in tPA -/and Plg -/mice. Our data show that whereas the immediate neuroprotective effect of tPA is independent of the phosphorylation of Akt, tPA-induced delayed ischemic tolerance occurs via NMDAR-mediated Akt phosphorylation.
Based on our observations we propose two models for the neuroprotective effect of tPA in the hippocampus. In the first, subtle changes in the microenvironment induce the release of neuronal tPA into the synaptic space, which then interacts with plasminogen on the cell surface, leading to plasmin-induced, NMDAR-mediated Akt phosphorylation. In the second, an acute injury induces a rapid and sustained increase in tPA activity in the extracellular space, leading to the activation of a cell signaling event mediated by a member of the Representative Western blot analysis for Akt phosphorylated at serine 473 (pAkt) in WT, tPA -/-, and Plg -/mice 0, 1, 6, and 24 hours after IPC performed as described in Figure 8 . Lanes were run on the same gel but were noncontiguous.
LDL receptor family that results in neuroprotection. Both mechanisms of neuroprotection have important clinical implications not only for the prevention of hippocampal cell death, but also for the development of an effective neuroprotective strategy for clinical use.
Methods
Animals and reagents. Murine strains were male WT C57BL/6J, tPA-deficient (tPA -/-), and plasminogen-deficient (Plg -/-) mice, 8-12 weeks old, backcrossed at least 7 generations into C57BL/6J mice, and their WT C57BL/6J controls. Experiments were approved by the Institutional Animal Care and Use Committee of Emory University. Recombinant murine tPA, itPA with an alanine-for-serine substitution at the active site Ser481 (S481A), human Glu plasminogen and Lys plasmin were purchased from Molecular Innovations. Other reagents were human α2-antiplasmin (Research Biomedical International), aprotinin (Calbiochem), EACA (MP Biomedicals), KA (Tocris Bioscience), the PI3K/Akt inhibitor wortmannin (Sigma-Aldrich), RAP (provided by Dudley K. Strickland, University of Maryland, Baltimore, Maryland, USA), and the NMDAR antagonists MK-801 (Tocris Bioscience) and DL-AP5 (Ascent Scientific).
Animal model of delayed neuronal death, IPC, and histological analysis of hippocampal injury. Mice were anesthetized with 4% chloral hydrate (400 mg/kg intraperitoneally) and then subjected to BCCAO for 20 minutes. Cerebral perfusion in the forebrain was monitored with a laser Doppler (Perimed), and only animals with a greater than 85% decrease in cerebral perfusion after occlusion and complete recovery after the withdrawal of the microclips were included in this study. Three or 5 days later, mice were transcardially perfused, and brains were cut into 20-μm sections through the dorsal and ventral hippocampus and stained with cresyl violet, DAPI (Anaspec), Fluoro-Jade (Histo-Chem Inc.), and TUNEL (Calbiochem), following the manufacturer's instructions. Each observation was repeated 6 times. For IPC, both carotid arteries were exposed and clipped 3 times during 1 minute with 5-minute intervals of reperfusion in between. Twenty-four hours later, animals were re-anesthetized, and both carotid arteries were clipped during 20 minutes. A subgroup of mice underwent 20 minutes of BCCAO without preconditioning. Three days later brains were harvested, and 20-μm sections through the hippocampus were stained with cresyl violet. Neuronal damage was qualitatively determined with a scoring system described by Murakami et al. (44) : grade 0, no damage to any hippocampal subregion; grade 1, scattered neuronal death in the CA1 region; grade 2, moderate neuronal death in the CA1 region; grade 3, complete neuronal death in the CA1 region; and grade 4, extensive cell death in other hippocampal regions. Each observation was repeated 15 times. A group of WT and Plg -/brains (n = 4) were harvested 30 minutes after either IPC or sham surgery and stained with an affinity-purified rabbit anti-mouse plasminogen (Molecular Innovations).
In situ zymography assay. In situ zymography assays were performed as described elsewhere (13) . Briefly, following 20 minutes of BCCAO or 3 episodes of 1 minute of BCCAO separated by 5 minutes of reperfusion, WT and tPA -/brains were cut into 20-μm sections and overlaid with a mixture of 0.5 ml 8% nonfat dry milk, 0.75 ml PBS, 0.7 ml of a 2.5% agar solution in water, and plasminogen at a final concentration of 30 μg/ml. Slides were incubated at 37°C in a humid chamber, and zymograms were allowed to develop for 2-6 hours. Identical experiments were carried out with overlay without plasminogen. Each observation was repeated 4 times. Pictures were taken in a dark field microscope with a ×4 magnification.
Hippocampal neuronal cultures and determination of neuronal survival. Hippocampal and cortical neurons were cultured from E19 WT and tPA -/mice as described elsewhere (23) . To study the effect of hypoxia on neuronal death, neurons were exposed in an anaerobic chamber (Don Whitley Scientific) to OGD conditions (<0.1% oxygen) for 0-60 minutes, followed 24 hours later by determination of cell death by the MTT assay (ATCC), a LIVE/DEAD Viability/Cytotoxicity assay (Molecular Probes), and the Trypan blue viability assay (Thermo Scientific), following the manufacturer's instructions. The number of dead cells was expressed as a percentage over the total number of cells in each field at ×40 magnification in 4 different fields in 4 separate coverslips. For the MTT assay, results are expressed as a percentage of cell survival observed in control cells maintained under normoxic conditions. Each experiment was performed in cultures from 3 different animals, and each observation was repeated 6 times. A subgroup of neurons was incubated under normoxic conditions with progressive 0-1 μM concentrations of tPA, followed 24 hours later by determination of cell survival by the MTT assay. Each observation was repeated in cultures from 3 different animals (n = 10).
Early and delayed preconditioning with tPA. For early and delayed preconditioning, we used hippocampal neurons at 10 days in vitro. For early preconditioning, cells were exposed to OGD conditions for 55 minutes and simultaneously incubated with 0-1 μM active tPA, 1 μM itPA, or a combination of active tPA and 140 nM α2-antiplasmin, 10 μM MK-801, 50 μM DL-AP5, or 100 nM RAP. A subgroup of neurons was incubated with 100 nM plasmin alone. A subset of neurons was incubated under normoxic conditions with 1 μM tPA and 250 μM KA. A third group of neurons was treated with 20 nM wortmannin either alone or in combination with 60 nM tPA. Twenty-four hours later, cell survival was determined with the MTT assay. Each observation was repeated 20 times with neurons cultured from 3 different animals. For delayed preconditioning, neurons were incubated under normoxic conditions with 0-1 μM active tPA, 1 μM itPA, or a combination of active tPA and 140 nM α2-antiplasmin, 1.4 μM aprotinin, 20 mM EACA, 10 μM MK-801, 50 μM DL-AP5, or 100 nM RAP. A subgroup of neurons was incubated with either 100 nM plasmin or 200 nM plasminogen alone. A second subgroup of neurons was treated with 20 nM wortmannin either alone or in combination with 60 nM tPA or 100 nM plasmin. Twenty-four hours later, cells were exposed to OGD conditions for 55 minutes. A subgroup of neurons was incubated with active tPA and treated 24 hours later with 250 μM KA under normoxic conditions. Twenty-four hours later, cell survival was determined in all groups with the MTT assay. Each experiment was repeated with neurons cultured from 3 different animals, and each observation was repeated 15-20 times.
Hypoxic preconditioning. WT and tPA -/neurons were exposed to OGD conditions for 30 minutes (preconditioning), followed 24 hours later by incubation under OGD conditions for 55 minutes and determination of cell survival 24 hours later. A subgroup of cells was incubated under OGD conditions 55 minutes without preconditioning. A subset of WT cells was incubated during the preconditioning phase with 140 nM α2-antiplasmin, 1.4 μM aprotinin, 20 mM EACA, 10 μM MK-801, 50 μM DL-AP5, 100 nM RAP, or 20 nM wortmannin. A subgroup of tPA -/neurons was incubated during the preconditioning phase with 60 nM tPA or 100 nM plasmin or with a combination of tPA and plasmin; tPA and 20 nM wortmannin; or tPA and 10 μM MK-801, 50 μM DL-AP5, or 100 nM RAP. Twenty-four hours after exposure to 55 minutes of OGD, cell survival was quantified with the MTT assay. Each observation was repeated 10-15 times.
TPA activity assay. TPA activity was determined in the media of hippocampal and cortical neurons exposed to OGD conditions for 0-60 minutes using an ELISA kit from Molecular Innovations and following the manufacturer's instructions. Each experiment was performed with cultures from 3 different animals, and each observation was repeated 6 times in each culture.
Western blot analysis. WT hippocampal neurons were incubated for 30 minutes with 100 nM tPA, 100 nM itPA, or a combination of tPA and 10 μM MK-801. WT and tPA -/hippocampal neurons were exposed to OGD conditions for 30 minutes. WT and tPA -/mice underwent IPC with 3 episodes of transient BCCAO as described above, and brains were harvested 1, 6, and 24 hours later. A subgroup of sham-operated WT and tPA -/mice was used as controls. After chemical, hypoxic, or IPC, cells and hippocampal brain extracts were homogenized, followed by loading of 16 μg of total protein for SDS-PAGE electrophoresis and immunoblotting with antibodies directed against Akt phosphorylated at serine 473 (1:1,000; Cell Signaling Technology), total Akt (Cell Signaling Technology), or β-actin (Sigma-Aldrich). To study the expression of the NR2A subunit of the NMDAR, WT hippocampal neurons were incubated with 60 nM tPA or 100 nM plasmin for 60 minutes, followed by Western blot analysis as described above with an anti-NR2A antibody at 1:1,000 dilution (Millipore catalog 07-632). Each observation was repeated 3 times.
Statistics. Values are expressed as percentage or mean ± SD when appropriate. Statistical analysis was performed with the t test followed by the Wilcoxon signed-ranked test. P values of less than 0.05 were considered significant.
